Abstract-Breast imaging using dedicated positron emission tomography (PEM) has gained much interest in the medical imaging field. In this paper, we compare the performance between rectangular PEM and parallel dual-planar PEM. Both designs are studied with DOI detectors (detectors capable of measuring the depth of interaction) and non-DOI detectors. We compare the Fisher information matrix, lesion detectability using a prewhitening observer, and quantitation of the four systems. Results show that the rectangular system with DOI has the highest signal-to-noise ratio for lesion detection and the lowest bias for quantitation for any given noise level. It also shows that for small lesions the parallel dual-planar system with DOI detectors outperforms the rectangular system with non-DOI detectors, while the rectangular system with non-DOI detectors can outperform parallel dual-planar system with DOI detectors for large lesions. This indicates that a high detector resolution is essential for small lesions, while complete sampling may be more important for large lesions.
I. INTRODUCTION
Breast imaging using positron emission tomography (PET) has gained much interest in the medical imaging field. Dedicated PET scanners, commonly referred to as positron emission mammography (PEM) cameras, are being developed to improve the cost effectiveness for detecting breast cancers [1] [2] [3] [4] [5] . These PEM scanners have special geometries that are different from the conventional circular design of the whole body PET scanners. Compared to the whole body PET, PEM has much greater sensitivity for detecting breast cancers [3] .
A rectangular PEM (Fig. 1a) is under development at our laboratory [4] . The tomograph consists of four banks of detector modules (two banks of 3×3 modules left and right and two banks of 3×4 modules top and bottom). Each module consists of an 8×8 array of 3mm×3mm×30mm lutetium oxyorthosilicate (LSO) crystals. The maximum field of view (FOV) of the system is 96×72×72 mm 3 . For each crystal, the system digitizes the depth of interaction (DOI) of the photon with three bits. Each detector is placed in coincidence with all detectors in the other three banks, giving rise to 172 million possible lines of response (LORs).
Some researchers have also pursued a parallel dual-planar system design (Fig. 1b) for breast imaging [1] , [5] . It is similar to using only the top and bottom detector banks in the rectangular PEM scanner. This design is easier to construct than the rectangular PEM and has greater flexibility in positioning the object into the FOV. However, it suffers from a limited angle of view and hence has reduced sensitivity for lesion detection.
In this paper we compare the rectangular PEM (R-PEM) with the dual-planar PEM (P-PEM) for lesion detection and quantitation. Both designs are studied with DOI detectors (detectors that are capable of measuring the depth of interaction) and non-DOI detectors.The P-PEM systems are assumed to be built with the same number of detectors as the R-PEM so that each parallel detector bank has 3×7 detector modules. The width (W) and depth (D) of each detector bank are 168mm and 72mm, respectively. The separation (S) between the two detector banks is 72mm. The object being imaged is also the same as that in the R-PEM, i.e., 96×72×72 mm 3 , placed at the center of the FOV of the scanner. We compare the Fisher information matrix, lesion detectability using a prewhitening observer, and quanti-tation of the four systems. The performance of P-PEM systems with different configurations is also studied.
II. METHODS

A. Fisher Information Matrix
The Fisher information matrix is an essential element that determines the resolution/noise properties and the lesion detectability in statistical reconstructions. It is defined as
where E{·} denotes expectation, L(y; x) is the log-likelihood function, y is the observed random variable, and x is the unknown image.
From the Poisson distribution, we can derive the Fisher information matrix for PET data
where P is the projection probability matrix (which includes attenuation and geometric effects), andȳ is the expectation of the data. Assuming F is nonsingular, the inverse of F is the lower bound of the variance of unbiased estimators, which is often referred to as the Cramer-Rao lower bound. For PET data with reasonable counts, this bound is very close to the variance of the maximum likelihood (ML) reconstruction, i.e.,
wherex is the ML reconstruction.
In the following section, we will show that F jj is nearly proportional to the square of the signal-to-noise ratio (SNR) of detecting a very small lesion using the prewhitening observer. Therefore, F jj can be used as a scalar measure of the system performance at voxel j.
B. Lesion Detectability
A general approach for studying lesion detectability is to use a receiver operating characteristic (ROC) curve to compare the true positive rate vs. the false positive rate for human observers. The area-under-the-ROC-curve (AUC) is the measure for comparing lesion detectability of different imaging systems. Although human observers are desirable, computer observers are often substituted in ROC studies to reduce cost. A popular linear observer is the prewhitening observer, which computes the following test statistic for a given reconstructed imagex
whereh 1 andh 0 are the mean reconstructions of the image with and without the lesion present, respectively, and Σ is the ensemble covariance matrix ofx. This assumes that the lesion is small enough so that it does not change the covariance ofx.
The observer detection performance can be measured by the SNR of η PW (x)
We have shown in [6] that for maximum a posteriori (MAP) reconstruction of PET data, the SNR PW is
where f l is the lesion profile. For a small lesion, SNR
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PW is approximately proportional to the value of the diagonal element of F that corresponds to the lesion location, i.e., the diagonal element of the Fisher information matrix is a measure of the lesion detectability at each location.
When η(x) is normally distributed, the SNR is related to the area under the ROC curve (AUC) by [7] 
where erf(·) is the error function.
It is worthy to note that the SNR PW in (6) is proportional to the contrast of the lesion, while the AUC in (7) is not. As a result, when the AUC is used to compare different systems, the lesion has to be properly selected so that the AUC is not saturated. This is not a problem when SNR is used.
C. Quantitation
Another major application of PET imaging is to quantify the tumor uptake. Such quantitation is essential for exploring factors such as tumor growth rate and the efficacy of therapeutic interventions.
The uptake of a lesion in a reconstructed imagex can be measured by θ = f T lx . In quantitative studies, we are interested in the bias and the variance of the estimated value θ. These measures can be computed from the Fisher information matrix for small lesions. Here we directly use the results that were derived in [8] :
where {λ i (j), i = 0, . . . , N − 1} is the Fourier transform of the local invariant approximation of the jth column of the Fisher information matrix [9] , β is the smoothing parameter for the prior function used in [10] , and {ζ i , i = 0, . . . , N − 1} is the Fourier transform of the lesion profile f l .
Equations (8) and (9) require that the system response is locally stationary around the lesion and that the noise is relatively low. For an easy comparison between different lesions, we will normalize the bias and the standard deviation by the energy of the lesion, f T l f l . mm 3 uniform flood phantom placed at the center of the field of view of each system. The images are 3D volume representations of the column vector F ·j , where j is the index of the center voxel. Clearly the rectangular PEM with DOI has the highest sensitivity for lesion detection. The sensitivity for lesion detection of the planar system with DOI for the center voxel is 86% of that of the rectangular PEM. For the systems without DOI, the sensitivity of the rectangular PEM drops to 50%, and the planar system drops to 37%. This shows that the DOI information is more important for the planar design. The elongated images for non-DOI systems imply more severe directional artifacts in reconstructions. Although such elongation can be reduced by using shorter detector crystals, this would be at the cost of reducing the overall sensitivity. Fig. 3 shows the comparison of the SNRs for lesion detection as functions of the lesion size for all the four systems. We simulate spherical lesions with different diameters. The contrast of the lesion is one.
III. RESULTS
A. Comparison of Fisher Information
B. Comparison of Lesion Detectability
1 Fig. 3(a) shows that all SNRs increase as the lesion size increases. The relative performances of the four systems, normalized by the SNR of the R-PEM-DOI system, are shown in Fig. 3(b) . The SNR of the P-PEM-DOI system is about 90% of that of the R-PEM-DOI. For small lesions, the order of the SNRs of the four systems is R-PEM-DOI > P-PEM-DOI > R-PEM w/o DOI > P-PEM w/o DOI. As lesion size increases, the relative performance of the systems without DOI increases. For lesions with diameter larger than 9mm, the SNR of the R-PEM w/o DOI is greater than the SNR of the P-PEM-DOI. This may indicate that the DOI measurement is more important for detecting small lesions, while for detecting large lesions, system geometry may be more important.
C. Quantitation
For each system, we calculated the bias and variance of the lesion quantitation using (8) and (9) with the corresponding Fisher information matrix. We studied two spherical lesions: one 6mm diameter and one 16mm diameter. Fig. 4 shows the plots of 1 The contrast is defined as (lesion activity -background)/background. the normalized bias vs. standard deviation for all four systems. The different points on each curve were obtained by varying the smoothing parameter β. Under all situations, the R-PEM-DOI performs the best (the least bias at any standard deviation) and the P-PEM w/o DOI performs the worst. As was the case for lesion detection, for the small lesion the P-PEM-DOI performs better than the R-PEM w/o DOI, while for the large lesion the R-PEM w/o DOI performs better than P-PEM-DOI.
D. Performance of Different P-PEM Configurations
D.1 Vertical Compression (Detector Bank Separation)
One advantage of the P-PEM design is the flexibility of positioning the camera. In this section we study the effect on lesion detection of applying compression on the breast being imaged. The vertical compression generally reduces the separation between the two detector banks. This will increase the solid angle coverage for the center of the FOV. However, for locations near the boundary the results may vary. In this study we assume the breast has a fixed volume, i.e., when it is compressed, the width increases (this may not be exact in real situations). We selected two points of interest: one near the boundary, and one in the bulk. For the boundary point, we keep it at a fixed distance from the boundary (5mm). For the one in the bulk, we keep it at the middle between the center and the boundary. Fig. 5 shows the front view slices of the Fisher information images for the two points of interest at various compression conditions. shows the plot of F jj as a function of detector bank separation for the two points. For the point near the boundary, F jj increases with a small amount of compression; for larger compressions, F jj drops sharply. For the point in the bulk, F jj monotonically increases as the vertical separation between the detector banks reduces. The results show that moderate compression is helpful for lesion detection as long as the lesion is not close to the boundary of the FOV of the scanner.
D.2 Width of the Detector Banks
For the P-PEM design, it is helpful to use extra detector modules so that the FOV of the scanner is larger than the object being imaged. This greatly improves the uniformity of the sensitivity in the horizontal direction. Here we use F jj to study the performance of P-PEM systems with detectors of different horizontal width. We assume the object being imaged is a 96×72×72 mm 3 volume placed in the center of the FOV of the scanner. Fig. 7(a) shows the center front view slice of the F jj 's for the P-PEM system with the horizontal width of the detector equal to 96mm, which exactly covers the object. F jj drops to zero at the horizontal boundary of the object because of the limited angle. Fig. 7(b) shows the F jj 's for the P-PEM system with the horizontal width of the detector equal to 168mm. This is the P-PEM system on which we focus. Clearly, by using a few extra detectors in the horizontal direction, the sensitivities at the boundary are much improved. The F jj image is almost uniform except for the corners. Fig. 7(c) shows the F jj 's for the P-PEM system with the horizontal width of the detector equal to 216mm. The improvement over Fig. 7(b) is marginal. Fig. 8 compares the horizontal profiles through the center of the images shown in Fig. 7 (with more cases) . It shows that when the horizontal width is increased from 96mm, the sensitivity of the system is greatly improved. However, as the width exceeds 168mm, only the sensitivities at the boundaries are marginally increased. The 168mm design has a good balance between the overall sensitivity and detector cost.
IV. CONCLUSIONS AND DISCUSSION
We have presented comparisons between the rectangular and planar PEM scanners for lesion detection and quantitation. Results show that the rectangular system with DOI has the highest signal-to-noise ratio for lesion detection and the lowest bias for quantitation for any given noise level. It also shows that for small lesions the parallel dual-planar system with DOI detectors outperforms the rectangular system with non-DOI detectors, while the rectangular system with non-DOI detectors can outperform the parallel dual-planar system with DOI detectors for large lesions.
We have also studied the performance of different dual-planar PEM configurations. We found that (1) detector bank size should be reasonably larger than the object of interest to achieve uniform sensitivity and (2) moderate compression is helpful for lesion detection as long as the lesion is not close to the boundary of the FOV of the scanner.
The results presented in this paper are all based on the assumption that all four systems use an iterative statistical reconstruction algorithm with accurate modeling of the detector penetration effect, and that the algorithm is iterated until convergence. Therefore, these results do not apply to reconstructions obtained using filtered backprojection, iterative algorithms with a simple line-integral model, or ordered-subset algorithms with stopping rules.
